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Abstract—The purpose of this paper is to introduce a com-
munication model for Large Intelligent Surfaces (LIS). A LIS is
modeled as a collection of tiny closely spaced antenna elements.
Due to the proximity of the elements, mutual coupling arises.
An optimal transmitter design depends on the mutual coupling
matrix. For single user communication, the optimal transmitter
uses the inverse of the mutual coupling matrix in a filter matched
to the channel vector. We give the expression of the mutual
coupling for two types of planar arrays. The singular values of
the mutual coupling matrix approach zero as the antenna element
density increases, so only the dominant values can be inverted
within reasonable computation. The directivity is partial but still
significant compared to the conventional gain. When the spacing
between elements becomes small (smaller than half a wavelength),
the directivity surpasses the conventional directivity equal to the
number of antennas, as well as the gain obtained when modeling
the surface as continuous. The gain is theoretically unbounded
as the element density increases for a constant aperture.
Index Terms—Holographic MIMO, Large Intelligent Surface,
super-directivity, mutual coupling
I. INTRODUCTION
The introduction of Massive multiple-input multiple-output
(MIMO) systems [1] has defined a new generation of base
station that are equipped with a very large number of antennas.
Evolving from massive MIMO, new visions have emerged
where the base stations are equipped with an even larger
number of antennas. In [2], the focus is put on increas-
ing the dimension of the antenna arrays from moderately
large in conventional massive MIMO systems to extremely
large arrays, possibly tens of meters. This type of system is
called extra-large scale MIMO (XL-MIMO) or an Extremely
Large Aperture Array (ELAA) system. The idea relies on the
possibility of creating yet again a new generation of base
stations that are easy to deploy and are easily integrable in
the surroundings. Recent developments in array design point
towards the feasibility of this vision with low cost, low weight
and ultra-thin arrays [3], [4].
We designate those ultra-thin electromagnetic sheets as
Large Intelligent Surface (LIS) as introduced in [5], i.e. a large
electromagnetic surface that is active and able to transmit and
receive electromagnetic waves. Very few papers exists on the
research topic of active LISs and little is known about their
performance in terms of communications. In particular, it is
essential to provide realistic models that are close to reality
and can support transceiver design as well as performance
assessment. This paper aims at providing such a model. In [5],
a LIS is modeled as a continuous surface of infinitesimal plane
antennas and does not capture one essential characteristic
about the propagation of the current within the surface.
We model a surface as a collection of tiny closely spaced
antenna elements. Because of the proximity of the antennas
elements, mutual coupling arises [6]. This feature is essential
in LISs and is the main focus of this paper. The impact of
mutual coupling is not only about an appropriate modelling
of the LIS. It changes the optimization of transceivers and
opens the possibility of major performance improvements. We
provide the expression of the radiated power as a function
of the coupling matrix. This step is important as it gives
the transmit power constraint necessary in transceiver design.
Furthermore, in a single user communication scenario, we
provide the expression of the optimal transmitter which is the
whitened matched filter. We investigate two models: one that
is based on a discrete model with isotropic antennas and one
that is a collection of closely spaced planar antenna elements.
For both models, we derive the expression of the mutual
coupling. For planar arrays, we investigate the performance
using a fixed aperture as the array is populated by a higher and
higher number of antennas. As the antenna element density
increases, the directivity grows unbounded. In practice, how-
ever, performance is limited but remains very promising. The
optimal processing involves the inverse of the coupling matrix.
The coupling matrix exhibits very small singular values and
cannot be inverted within reasonable computational precision.
However, by inverting the dominant eigenvalues, a significant
portion of the directivity can be captured.
Achieving those superior gains comes with long-standing
challenges. These challenges include high ohmic losses due
to high currents [7], the need for very precise adjustment
of the excitation currents, and scan blindness. Solutions have
been proposed for some of these challenges [8]. One important
message [6] is that those challenges should not stand in the
way of super-directivity. Those gains naturally pertains to
the LIS technology. They will be uncovered by upcoming
engineering progress.
Paper overview: The rest of the paper is organized as
follows: Section II presents the scenario model of the LIS.
Subsections II-A, II-B, and II-C details the signal received
at the User Equipment (UE), and coupling functions for two
ar
X
iv
:1
91
2.
06
64
4v
1 
 [c
s.I
T]
  1
3 D
ec
 20
19
different models of the LIS. Section III applies the derived
channel to a single-user system and investigates the effect
of the inter-element coupling. Section IV provides simulation
results of the singler-user system. Section V concludes this
paper.
Notation: j is the imaginary unit, ‖·‖2 is the euclidean norm,
| · | is the absolute value, ·∗ is the complex conjugate, and ·T
and ·H are the transpose and hermitian transpose respectively.
·−1 and ·† is the matrix inverse and matrix pseudo-inverse
respectively. Vectors are denoted by bold lowercase symbols.
Matrices are denoted by bold uppercase symbols.
II. SYSTEM MODEL: LIS AND MUTUAL COUPLING
We consider a LIS system as depicted in Fig. 1. We investi-
gate a simple scenario where the LIS transmits to a single user
in line-of-sight propagation. The reason for choosing a simple
scenario is that we want to highlight the super-directivity
properties of a LIS in a simple system first before introducing a
more complex system with multiple users and a more advanced
channel model. The surface is placed on the wall of a large
indoor venue. The LIS consists of N identical and equally
spaced antenna elements within an area of height zLIS and
width yLIS and is centered at the origin. The LIS transmits
signals to a single UE equipped with a single isotropic antenna.
pn
vn
z
y
x
vn
n
dn
(xUE, yUE, zUE)
LIS
zLIS
yLIS
(0, yn, zn)
oUE
Fig. 1: Illustration of the scenario with an LIS of height of zLIS
and width yLIS. The angle of arrival between a UE at point o
and an antenna element at point pn is denoted vn. dn is the
distance vector between the UE and the n’th element.
The distance between the UE at position o =[
xUE yUE zUE
]T
and the n’th element of the LIS at position
pn =
[
0 yn zn
]T
is given by Eq. (1) and the angle of
departure is given by Eq. (2).
dn = ‖o− pn‖2 (1)
vn = arccos
(
xUE
dn
)
(2)
When the inter-element spacing in the LIS is low, mutual
coupling causes current from one antenna to induce current
in the adjacent antennas. This effect is important to account
for in assessing the performance of a communication system
in respect to the radiated power. In the next section the power
received at the user is presented, and the coupling matrices
are introduced.
A. Received power and coupling matrices
The field strength at the UE corresponding to the transmis-
sion from antenna n is given by Eq. (3)
En(o,pn) =
√
β
√
G(θn, φn)η
4pi
In
e−jkdn
dn
(3)
Where:
In = complex excitation current for antenna n
β = proportionally factor accounting for antenna char-
acteristics
η = intrinsic impedance of vacuum
k = wavenumber given as λ2pi
λ = wavelength in vacuum
G = antenna gain of the n’th antenna
θn = polar angle towards the UE from the n’th antenna
φn = azimuth angle towards the UE from the n’th
antenna
The total field strength at the UE is given as the sum
of contributions from all N antenna elements as stated by
Eq. (4).
E(o) =
N∑
n=1
En(o,pn) (4)
The power density is given by Eq. (5).
W (o) =
E(o)E(o)∗
η
=
β
4pi
N∑
n=1
N∑
m=1
√
G(θn, φn)G(θm, φm)InI
∗
m
e−jk(dn−dm)
dndm
(5)
=
4piβ
λ2
iHhhH i =
4piβ
λ2
∣∣∣iHh∣∣∣2 (6)
Where:
i = Nx1 excitation vector with entries in = In
h = Nx1 channel vector with entries hn =√
G (θn, φn)
λ
4pidn
e−jkdn
The received power at the UE is equal the product of
the power density and the effective aperture of the receiving
antenna as stated in Eq. (7), assuming that the field is constant
across the dimensions of the receiver. [9]
P = W (o)A =
4piβ
λ2
iHhhH i
λ2
4pi
= βiHhhH i (7)
Where:
A = the effective aperture of the receiving antenna
In order to express the received power in relation to
the transmitted power, the total radiated power is derived.
Since electric fields are solenoidal [10], the total radiated
power can be calculated by integration of the power density
over any closed surface which encloses the LIS. In Eq. (8)
the surface is chosen as a sphere with radius r.
Prad =
2pi∫
0
pi∫
0
W (rrˆ)r2 sin (θ) dθ dφ (8)
Where:
rˆ =
[
cos (φ) sin (θ) sin (φ) sin (θ) cos (θ)
]T
As the radiated power is independent of the integration
surface, the radius of the sphere is chosen so large that the
integration happens in the farfield. Assuming farfield, the
relative change in distance between a point on the integration
surface and points on the LIS is negligible, so only the
phases affects the result. The farfield power density can be
approximated by Eq. (9) [11].
WFF (θ, φ, r) =
β
4pi
N∑
n=1
N∑
m=1
G (θ, φ) InI
∗
m
e−ikrˆ
H(pn−pm)
r2
(9)
The total radiated power can then be expressed as Eq. (10).
Prad = β
N∑
n=1
N∑
m=1
InI
∗
mz(pn,pm) = βi
HZi (10)
z(pn,pm) =
2pi∫
0
pi∫
0
G (θ, φ)
4pi
e−ikrˆ
H(pn−pm) sin (θ) dθ dφ
Where:
z = coupling function
Z = NxN coupling matrix with entries Zn,m =
z (pn,pm)
Combining Eqs. (10) and (7) yields the power received
at the UE as Eq. (11).
P = Prad
iHhhH i
iHZi
= Prad
∣∣iHh∣∣2
iHZi
(11)
In the following two sections, the coupling function is
derived for isotropic and planar antenna elements respectively.
B. Coupling function for isotropic elements
The gain pattern of an isotropic antenna is given as
G(θ, φ) = 1. Fig. 2 shows an illustration of the LIS made
from isotropic antennas.
With unit gain, the entries of the channel vector is given by
hn =
λ
4pidn
e−ikdn and the coupling function is given by Eq.
(12).
ziso(pn,pm) =
2pi∫
0
pi∫
0
e−ikrˆ
H(pn−pm)
4pi
sin (θ) dθ dφ
=
sin
(
k ‖pn − pm‖2
)
k ‖pn − pm‖2
(12)
Δz
Δy
Fig. 2: Illustration of LIS made from isotropic antenna ele-
ments pictured as spheres. The antenna elements are spaced
∆y along the y-axis and ∆z along the z-axis.
Δy
Δz
Fig. 3: Illustration of LIS made from closely spaced planar an-
tenna elements. Each element has an aperture of A = ∆y∆z.
The center-to-center spacing along the z-axis and y-axis is ∆z
and ∆y respectively.
C. Coupling function for planar elements
Fig. 3 shows an illustration of the LIS made from planar
antenna elements. The gain pattern of a planar element is given
as Eq. (13).
G(θ, φ) =
4piAp(θ, φ)
λ2
(13)
The perceived aperture Ap of an element is equal the actual
aperture A projected onto the plane perpendicular to the direc-
tion of departure. The effective area is therefore dependent on
the angle between the normal vector of the antenna element
and the direction of departure. Assuming the size of an element
is sufficiently small, so variations in angle of departure across
the element is negligible, the perceived area is given by Eq.
(14).
Ap(θ, φ) = A cos (v) = A
∣∣sin (θ) cos (φ)∣∣ (14)
Using Eq. (14), the coupling function is given as Eq. (15).
zpla(pn,pm) =
2pi∫
0
pi∫
0
Ap(θ, φ)
λ2
e−ikrˆ
H(pn−pm) sin (θ) dθ dφ
=
4piA
λ2
J1(k ‖dn − dm‖2)
k ‖dn − dm‖2
(15)
Since the 4piAλ2 term appears in both the channel and coupling
matrix coefficients, they cancel each other when determining
the received power and are therefore removed from both
expressions. The coupling matrix entries are therefore given
by Eq. (16). For the channel vector farfield cannot be assumed,
so by using the expression for the angle of departure in Eq.
(2), the channel matrix entries are given by Eq. (17).
Zn,m =
J1(k ‖dn − dm‖2)
k ‖dn − dm‖2
(16)
hn =
√
xUE
dn
λ
4pidn
e−ikdn (17)
The following section applies the derived coupling matrices
to evaluate the effect of the inter-element coupling for a single
user communication system.
III. SINGLE-USER SYSTEM
The signal received at the UE for a free-space Additive
White Gaussian Noise (AWGN) channel is given by Eq. (18).
y = xˆiHh + n (18)
Where:
x = transmitted symbol to the UE modeled as a ran-
dom variable with mean µx = 0 and variance
σ2x = Ptx
n = realization of complex white Gaussian noise vari-
able N with mean µn = 0 and variance σ2n
iˆ = Nx1 power-normalized precoding vector
h = Nx1 free-space channel vector
The power-normalized precoding vector is given as Eq.
(19)
iˆ =
i√
iHZi
(19)
Where:
i = Nx1 precoding vector
Z = NxN coupling matrix
The Signal-to-Noise Ratio (SNR) is given by Eq. (20).
SNR =
Ptx
σ2n
iHhhH i
iHZi
=
Ptx
σ2n
∣∣iHh∣∣2
iHZi
(20)
The power received from the LIS relative to a case with a
single isotropic transmitter is given by Eq. (21) and is used as
the performance metric in the coming sections. For a distant
UE, this quantity is equal the directivity of the LIS, and is
therefore refered to as the directivity for the remainder of this
paper.
D (o) =
iHhhH i
iHZi
(
4pi ‖o‖2
λ
)2
(21)
The power normalized precoding vector is chosen based on
two coding schemes:
1) non-Coupling-Aware Matched Filtering (nCA-MF)
2) Coupling-Aware Matched Filtering (CA-MF)
A. nCA-MF
For nCA-MF, the precoding vector is chosen as the hermi-
tian transpose of the channel. The nCA-MF precoding vector
is given by Eq. (22).
inCA-MF = h (22)
The SNR is then given by Eq. (23).
SNRnCA-MF =
hHhhHh
hHZh
Ptx
σ2n
(23)
Fig. 4: Conditioning number of the coupling matrices for a
20 element linear array. The conditioning number increases
significantly as the spacing ∆z goes below λ2 .
Fig. 5: Profile of the singular values of the coupling matrices
for a 20 element linear array with element spacing ∆z = 0.3λ.
B. nCA-MF
For CA-MF, the precoding vector is chosen to optimize the
SNR as stated in Eq. (24) [12].
iCA-MF = arg max
i
iHhhH i
iHZi
= Z−1h (24)
The SNR is then given by Eq. (25).
SNRCA-MF = hHZ−1h
Ptx
σ2n
(25)
In the case where the coupling is non-existent, where Z equals
the identity matrix, Eqs. (23) and (25) are equal.
Calculating the CA-MF precoding vector in Eq. (24) re-
quires inversion of the matrix Z. We have observed that the
lower singular values of Z however quickly approach zero as
the inter-element spacing is reduced below λ2 , which in turn
increases the conditioning number and limits the computability
of the matrix inverse. This is illustrated through an example
with a linear array of 20 antenna elements placed on the z-axis,
with a spacing of ∆z. Fig. 4 shows the conditioning number
of the coupling matrix given by Eq. (26) as the spacing ∆z
is varied.
κ (Z) =
smax
smin
(26)
Where:
smax = maximum singular value of Z
smin = minimum singular value of Z
An alternative is to use the pseudo-inverse of Z - Limiting
the conditioning number, but also limiting the number
of induced modes and thereby the SNR. The Singular
Value Decomposition (SVD) of the coupling matrix can be
expressed as Eq. (27).
Z = USUH =
N∑
n=1
snunu
H
n (27)
Where:
S = NxN diagonal matrix containing singular values
s1 to sN sorted in a descending fashion
U = NxN unitary matrix containing the singular vec-
tors un corresponding to the singular values sn
The pseudo-inverse of Z can be calculated by only inverting
the singular values within a set threshold, as stated by Eq.
(28).
Z† = US†UH =
N−M∑
n=1
s−1n unu
H
n (28)
Where:
M = number of singular values below a set threshold
Using the pseudo-inverse, the precoding vector and SNR is
given by (29) and (30) respectively.
vCA-pMF = Z
†h (29)
SNRCA-pMF = hHZ†h
Ptx
σ2n
(30)
Fig. 6 shows the directivity and the power of the excitation
currents iH i in respect to the number of singular values
used. The last few singular values significantly increases the
excitation currents. To excite the modes corresponding to the
lowest singular values, and realise the maximum directivity,
the antenna elements must carry very high currents which
is inconvenient for physical systems with ohmic losses. The
excitation currents increase as spacing ∆z approaches zero.
For ∆z ≥ λ2 , the singular values are well above zero and the
excitation currents remain low.
Fig. 6: Directivity and current dependency on number of
inverted singular values for a 20 element linear array and a
UE in the broadside direction.
IV. SIMULATION RESULTS
A UE is positioned at a point, o =
[
10 0 0
]T
, 10 meters
from the center of the LIS. The LIS has a size of yLIS = zLIS =
0.5 m. The center frequency is chosen as f = 2.6 GHz. The
Fig. 7: Planar LIS directivity in broadside. The physical
aperture is constant, so as element spacing decreases, the
array is populated by an increasing number of antenna. The
performance is shown for limited precision matrix inversion
CA-MF, and High Precision (HP) CA-MF
size of the LIS is held constant as the inter-element spacing
∆y = ∆z = ∆d is varied. As the spacing decreases, the LIS
is populated by a higher and higher number of antennas.
To illustrate the effect of the mutual coupling the results are
compared to Eq. (31) [13], which describes the MF directivity
of a continuous surface of infinitesimal plane antenna elements
where mutual coupling is ignored.
DNC =
(
4pi ‖o‖2
λ
)2 yLIS∫
−yLIS
zLIS∫
−zLIS
xUE
4pid3p
dz dy (31)
Fig. 7 shows the directivity for the two coding schemes and
antenna element types. The nCA-MF and CA-MF precoding
schemes are found to provide almost identical performance for
element spacings ∆d ≥ λ2 , where the inter-element coupling
is weak. The planar elements provide superior performance in
the broadside, due to the more directional radiation pattern of
the individual elements.
For spacings ∆d < λ2 , where the coupling is strong, the
isotropic and planar elements provide nearly the same perfor-
mance. The nCA-MF performance is observed to approach a
limit as the array is populated by a higher and higher number
of antennas.
The directivity for the CA-MF scheme grows unbounded
given infinite precision - See High Precision (HP) CA-MF
line in Fig. 7. Limiting the precision by only inverting singular
values higher than smin = 10−9 shows the directivity settling
at an upper bound.
V. CONCLUSION
This paper has introduced a communication model for LIS
that incorporates mutual coupling. It has shown the potential
of super-directivity for LISs. The system is able to realize
theoretically unbounded directivity by overpopulating the LIS
with closely spaced antenna elements. The performance is
however limited by computational precision. Two types of
antenna elements are considered, isotropic and planar. For
high inter-element spacing, the directional antennas provide
higher performance in the broadside direction. Specifically
for broadside, at lower inter-element spacing, the two antenna
types have nearly identical performance. Next, we will extend
those results to more realistic antenna patterns and feature
other forms of surface, for example cylindrical or spherical.
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